Objectives-To examine the feasibility and accuracy of GFR measurements in infants with sickle cell anemia (SCA).
Results-DTPA GFR measurement was attempted in 191 infants; 176 of 184 completed studies (96%) were interpretable. Average age (mean ± 1SD) was 13.7±2.6 months. Average DTPA GFR was 125.2±34.4 (range 40.2-300.9, normal 91.5±17.8 mL/min/1.73m 2 ), and Schwartz estimates were higher at 184.4±55.5 mL/min/1.73m 2 . DTPA GFR was correlated with Schwartz GFR (r 2 =0.0658, p=0.0012); also with age, weight, height, and kidney volume (all p<0.002); but not with hemoglobin, HbF, WBC, reticulocytes, medical events, or splenic function.
Conclusions-Quantitative GFR measurement is feasible but variable among infants with SCA. Schwartz GFR estimates are not highly correlated with quantitative DTPA GFR values. Baseline GFR measurements suggest that renal dysfunction in SCA, evidenced by glomerular hyperfiltration, begins during infancy.
Keywords glomerular filtration rate; hydroxyurea; sickle cell anemia Impaired urine concentrating ability, defects in urine acidification and electrolyte regulation, and supra-normal proximal tubular function are commonly recognized in young patients with SCA [1] [2] [3] [4] . Glomerular enlargement with an increased glomerular filtration rate (GFR) is perhaps the earliest renal abnormality in sickle cell anemia (SCA). The elevated GFR is secondary to a potentially reversible increase in renal plasma flow [5, 6] . Proteinuria occurs later, often in the second decade of life [7] . Proteinuria is usually asymptomatic with microalbuminuria, but 10-20% of young adults can develop macroalbuminuria with nephrotic range protein loss [6] [7] [8] . Patients with SCA and proteinuria frequently have glomerulomegaly and focal glomerular sclerosis on renal biopsy [9] . In adulthood, about one-third of patients with SCA will develop chronic renal failure, a major cause of mortality in this population [10] . Despite these well-established consequences of sickle nephropathy, there have been no large longitudinal studies to characterize its natural progression. Furthermore, questions remain about: (1) the age of onset of glomerular hyperfiltration; (2) the degree of elevated GFR, especially using estimates based on creatinine; and (3) the feasibility of quantitative GFR assessment in young patients.
BABY HUG is the NHLBI/NICHD-sponsored Phase III double-blinded, placebo-controlled randomized clinical trial (ClinicalTrials.gov # NCT00006400) testing the hypothesis that hydroxyurea can prevent chronic organ damage in very young children with SCA [11] . In BABY HUG, the co-primary endpoints are renal function (GFR) and splenic function (radionuclide uptake). One of the major challenges in the development of the renal endpoint for the BABY HUG trial was determining a feasible method of measuring GFR quantitatively and accurately in this very young patient population. The technique often considered to be the "gold standard" for GFR measurement is inulin clearance, which is quantitative and accurate, but requires bladder catheterization and a 24-hour urine collection [6, 12] . GFR calculations based on creatinine clearance also use timed urine collections, so are technically difficult at any age and not generally considered to be accurate [13] . In contrast, plasma clearance of an injected radionuclide is generally considered to be accurate and technically simpler [14] , and has minimal within-day and between-day variation [15] . Among the various radiopharmaceutical compounds that have been used for GFR determination, iohexol clearance may be the most accurate [16] , but 99m Tc-DTPA is readily available at most medical centers, is relatively safe with a very short half-life (~6 hours), and has been used extensively in children [17] . However, the feasibility of this technique requiring peripheral IV access in infancy was not known and several BABY HUG centers did not have previous or ongoing experience with DTPA procedures.
In BABY HUG, the GFR is measured quantitatively by plasma clearance of injected 99m Tc-DTPA; GFR is also estimated by the Schwartz equation using creatinine and an agedependent constant. In this report, we present baseline data from BABY HUG regarding the feasibility of quantitative GFR assessment; comparison of DTPA clearance to Schwartz GFR estimates; and clinical, laboratory, and radiographic associations with GFR elevation in very young patients with SCA.
METHODS
Infants with known SCA but without regard to clinical severity were enrolled at 9 through 17 months of age as previously described [11] . Subjects were randomized to receive either hydroxyurea or placebo. The primary study outcomes are preservation of renal and splenic function, which are measured at baseline and after 24 months of treatment. Study enrollment and randomization were completed in September 2007.
GFR measurements
After all screening tests were completed and randomization to study treatment had occurred, a quantitative 99m Tc-DTPA clearance study was performed on each subject at study initiation, specifically on the first day of study treatment. Briefly, intravenous access was established and a baseline serum creatinine was collected for central measurement by HPLC to 0.01 mg/dL precision. Next, 500 microCuries of 99m Tc-DTPA were administered intravenously and plasma samples were collected at 1, 2, and 4 hours after injection. After these specimens were analyzed in duplicate, a plasma DTPA clearance curve was calculated and the quantitative GFR value was derived as previously described [12, 17] . (A detailed description of the DTPA clearance method is included as an on-line supplement.) GFR was also estimated using the Schwartz formula, which is based on the height of the patient (cm) and creatinine (mg/dL) as follows: GFR = (height×k)/(serum creatinine), where k=0.45 for infants less than 12 months of age and k=0.55 over 12 months of age [18, 19] .
Statistical analyses
Past medical history was collected on all enrolled infants, including previous dactylitis and other acute painful events, acute chest syndrome, splenic sequestration, and bacteremia/ sepsis. Laboratory values were collected during screening and analyzed as baseline values, including complete blood counts and reticulocyte counts measured locally, as well as fetal hemoglobin levels and serum chemistries measured centrally.
Some laboratory values were log 10 transformed to stabilize the variance before data analysis. All descriptive statistics and analyses used SAS Version 8.2 (SAS Institute, Cary NC). Univariate regression was performed to determine correlations of DTPA and Schwartz GFR with each other, as well as to patient characteristics and laboratory values. The Student t-test was used to assess associations with sex and previous medical events. The Fisher exact test and the Cochran-Armitage chi-square exact test for trend compared categorical age with DTPA GFR values and Schwartz GFR estimates.
RESULTS
The total number of infants who enrolled in the BABY HUG trial and underwent screening tests, as well as the number who underwent DTPA GFR assessment at the time of study initiation, are shown in Figure 1 . All enrolled subjects had either HbSS or HbS/β 0thalassemia. The average age at GFR measurement was 13.7±2.6 months (range 9-19 months) and 59% of subjects were female. A total of 157 subjects had simultaneous baseline DTPA and Schwartz GFR values available for analysis. Baseline (mean±1SD) hematological results for this cohort included hemoglobin concentration = 9.0±1.4 gm/dL, absolute reticulocytes = 296±137×10 9 /L, white blood cell (WBC) count = 14.3±5.7×10 9 /L, and fetal hemoglobin (HbF) = 25.6±8.8%. Baseline past medical history included at least one episode of dactylitis (34% of subjects), splenic sequestration (7%), and acute chest syndrome (5%). There were no cases of previous invasive bacteremia, sepsis, or meningitis.
GFR values and age
For the entire infant cohort, the average baseline quantitative GFR measurement determined by DTPA clearance was 125.2±34.4 mL/min/1.73m 2 (range 40.2 -300.9 mL/min/1.73m 2 ). These baseline DTPA GFR values are elevated, compared with the published normal value of 91.5±17.8 mL/min/1.73m 2 (10%-90% range of 60-120 mL/min/1.73m 2 ) for this age group [20] . On average, the baseline DTPA GFR values significantly increased by 3.1 mL/min/1.73m 2 for every one month increase in age (p=0.0013, Figure 2 , A); however, this correlation was low (r 2 =0.058). Using a quantitative GFR threshold of 110 mL/min/1.73m 2 (the normal GFR value for age plus 1 SD) and age thresholds of 12 and 15 months, higher DTPA GFR values were observed in older infants, p=0.032 (Table) . In comparison to DTPA GFR values, the average baseline GFR values by Schwartz estimate were substantially higher at 184.4±55.5 mL/min/1.73m 2 , range 65.8-355.4 mL/min/1.73m 2 , which also correlated with age.
GFR correlations
In univariate analysis, the DTPA GFR value was positively correlated with the Schwartz GFR estimate (r 2 =0.0658, p=0.0012, slope=0.169), although this correlation was weak and showed considerable variation (Figure 2, B) . The DTPA GFR was also positively correlated with weight, height and kidney volume (all p<0.002), but not with sex, baseline hemoglobin concentration, %HbF, WBC count, platelets, or reticulocytes; there was a negative correlation with serum creatinine (p=0.0299). Similarly, the DTPA GFR was not correlated with previous sickle cell-related events either measured individually or as a composite of clinical severity, and also was not correlated with measures of splenic function including qualitative radionuclide uptake on liver-spleen scan and quantitative measures of pitted erythrocytes [21] and micronuclei [22] .
DISCUSSION
Infants 9 through 17 months of age were enrolled in one BABY HUG trial at 14 centers across the United States, underwent baseline screening studies, then were randomized to a single daily oral 20 mg/kg dose of liquid hydroxyurea formulation or placebo for 24 months of treatment. The co-primary endpoints are splenic and renal function, assessed by qualitative 99m Tc-sulfur colloid uptake in the spleen and quantitative GFR measurement, respectively. The renal endpoint of GFR was selected because glomerular hyperfiltration is known to be an early marker of renal dysfunction in SCA [4, 6, 8] and likely contributes to the development of glomerulosclerosis, the predominant lesion observed as renal insufficiency develops in older patients with SCA [9] .
Our data indicate that DTPA GFR measurement using a standardized protocol is feasible in this very young age group across multiple centers because the quantitative DTPA technique was successful in 92% of attempts (Figure 1 ). Almost all completed DTPA studies were interpretable (176/184 = 96%), thereby providing baseline GFR values that will be used in this prospective trial. The baseline GFR results indicate that glomerular hyperfiltration appears to begin very early in life for infants with SCA and rises with increasing age (Table and Figure 2 , A). The average GFR value of 125 mL/min/1.73m 2 measured in our patient cohort is almost two standard deviations higher than reported for normal infants [16, 20] , but with a larger standard deviation than these reports. Although these references for normal GFR values used iohexol clearance [16] or 51 Cr-EDTA plasma clearance [20] , the renal clearance of 99m Tc-DTPA is very similar [23] . Although the exact progression of renal disease in SCA is not completely understood, it seems ominous that glomerular hyperfiltration should appear so early in life. These results suggest that therapeutic intervention for preservation of renal function in SCA would need to begin early in life, in order to prevent glomerular hyperfiltration and other early manifestations of sickle nephropathy.
DTPA GFR elevation was not correlated with other laboratory abnormalities or previous acute medical events. This observation highlights the difficulty in defining clinical severity in SCA: acute vaso-occlusive events, laboratory abnormalities, and chronic organ damage do not always develop simultaneously in individual patients. Furthermore, the pathophysiology of SCA may selectively affect different organs, or even different anatomic and functional portions of organs such as the kidney. Recent attempts to classify SCA into two exclusive phenotypes [24] , one related to sickling and vaso-occlusion and the other related to hemolysis and endothelial dysfunction, is problematic for the kidney; early sickle nephropathy has not been clearly associated with a single phenotype and may involve both processes.
GFR estimation using serum creatinine has long been considered an attractive alternative to DTPA GFR measurement, due to its comparative simplicity. For over 30 years, estimation of GFR has been possible using the Schwartz equation, in which GFR is calculated from the patient's height and creatinine level [18, 19] . The Schwartz formula, widely used in the general clinical pediatric setting, was developed in children with renal disease (i.e., low GFR) by adjusting serum creatinine for height and age, and developing constants to best fit data obtained by inulin clearance. However, data specific to the second year of life, which is most appropriate for baseline GFR estimates in the BABY HUG trial, are relatively sparse.
To determine whether or not the Schwartz GFR estimate is accurate in infants with SCA, serum creatinine was collected on the same day as the DTPA determination, and was measured centrally to 0.01 mg/dL precision. In our cohort, the Schwartz GFR estimates were much higher than the DTPA GFR values ( Figure 2B) , with a statistically significant but weak positive correlation and best-fit slope that is far from unity. The reasons for this weak correlation are not entirely clear, but likely relate to the fact that the Schwartz equation (and almost all published methods for estimating GFR) were designed and validated in patients with renal dysfunction and low GFR values. Because children with SCA have normal to elevated GFR values, these estimates are likely to be less accurate in the BABY HUG patient population. In addition, the Schwartz equation has creatinine in the denominator of the formula. Serum creatinine is very low in patients with SCA due to glomerular hyperfiltration and tubular secretion of creatinine [4, 25] , so small changes in creatinine can make a large difference in the calculated value. Alternative measures such as cystatin C can be used to estimate GFR [26] [27] [28] , but the newly revised Schwartz formula that includes cystatin C and creatinine has not yet been validated in SCA [29] .
Taken together, these baseline data from the BABY HUG trial confirm age-and diseaserelated glomerular hyperfiltration in SCA. The data indicate that renal dysfunction in SCA as measured by GFR elevation may begin very early in life. Quantitative GFR measurement is feasible but highly variable in this very young patient population. The Schwartz estimates and DTPA GFR values are only weakly correlated. Specific data regarding the impact of hydroxyurea on the kidney in SCA are limited to small series, but short-term therapy in children with proteinuria has documented benefit [30] [31] [32] . Perhaps by improving anemia, hydroxyurea therapy may reduce glomerular hyperfiltration and slow the progression of renal dysfunction in SCA.
BABY HUG should yield important information regarding the ability of hydroxyurea to prevent glomerular hyperfiltration among infants with SCA. Longer follow-up will be required to determine if hydroxyurea reduces the incidence of proteinuria, which begins later in childhood; such a reduction would be a further indication that hydroxyurea prevents renal damage in children with SCA. Quantitative GFR analysis by DTPA clearance in the BABY HUG trial. A total of 233 infants were initially screened for eligibility, 40 of whom failed screening. Reasons for inadequate or uninterpretable DTPA results were variable but included poor venous access, extravasated radionuclide, and difficulties with blood collection. A total of 176/191 DTPA attempts (92%) were successful with interpretable results. Quantitative baseline DTPA GFR correlations in infants with SCA. A, DTPA GFR compared with age, with GFR increasing in older infants, N=176, r 2 =0.058, p=0.0013. B, DTPA GFR compared with the estimated Schwartz GFR, showing a positive correlation but wide variation, N=157, r 2 =0.0658, p=0.0012, slope = 0.169. Using the thresholds of 12 and 15 months for age and 110 mL/min/1.73m 2 for GFR, baseline quantitative DTPA GFR values were significantly higher among older infants with SCA, p=0.032.
